A starch ingredient with antioxidative activity, as measured by the DPPH method, was produced by baking corn starch with an organic acid; it has been named ANOX sugar (antioxidative sugar). The baking temperature and time were fixed at 170 C and 60 min, and the organic acid used was selected from preliminary trials of various kinds of acid. The phytic acid ANOX sugar preparation showed the highest antioxidative activity, but the color of the preparation was almost black; we therefore selected L-tartaric acid which had the second highest antioxidative activity. The antioxidative activity of the L-tartaric acid ANOX sugar preparation was stable against temperature, light, and enzyme treatments (-amylase and glucoamylase). However, the activity was not stable against variations in water content and pH value. The antioxidative activity of ANOX sugar was stabilized by treating with boiled water or nitrogen gas, or by pH adjustment.
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Key words: antioxidative activity; corn starch; organic acid; baking; stability A large number of antioxidative food ingredients have been identified; vegetables, fruits, grains, herbs, and other foods contain such antioxidative components as vitamin C, vitamin E, flavonoids, carotenoids, polyphenols, lipids, and sulfur-containing compounds that help to maintain health. The United States Department of Agriculture (USDA) has developed a rating scale, the Oxygen Radical Absorbance Capacity (ORAC), which measures the antioxidant content of various natural plant foods.
Such antioxidative components as vitamin E, vitamin C, chlorogenic acids, and catechins are used to maintain the quality of processed foods. The purpose is to control the oxidation of the oil and fat elements in the processed foods. These antioxidants have to be displayed as food additives under the Food Sanitation Law.
However, consumers tend to avoid processed food containing additives. The present study aimed to develop starch, which is used in many processed foods, with antioxidative potential. This antioxidative starch could be used to maintain the quality of processed food without needing further additives.
Fehling's test, Benedict's test, and Tollen's reagent (the silver mirror test) can be used to identify saccharides with a reducing end. However, such common monosaccharides as glucose, fructose, and xylose do not exhibit any antioxidative activity against DDPH at room temperature in the open air for around 60 min. Oyaizu has reported the formation and antioxidative activity of browning products from glucosamine with amino acids, organic acids, or sugars in the liquid state.
1) Browning products, melanoidins and caramel, are usually formed under baking and boiling conditions and have antioxidative activity, although the definitions of these browning products are unclear. Products produced in a solution are difficult to concentrate. There are several reports on such oligosaccharide-related antioxidants as glucuronoxylan, fucoidan, alginate, 2) agaro-oligosaccharides, 3) porphyran, 4) cell-wall polysaccharides, 5) and N-carboxymethyl chitosan oligosaccharides. 6) To the best of our knowledge, the production or formation of a starch-related ingredient with antioxidative activity has not previously been reported.
We attempted to produce a starch-related foodstuff with antioxidative activity at high temperatures by combining starch and other food ingredients. We found that considerably high antioxidative activity could be achieved by baking corn starch with some organic acids, and have named the product ANOX sugar (antioxidative sugar).
Materials and Methods
Materials. A, citric acid; B, itaconic acid; C, DL-malic acid; D, L-tartaric acid; E, fumaric acid; F, adipic acid; G, glucono-8-lactone;
y To whom correspondence should be addressed. Fax: +81-76-257-1683; E-mail: s-miwa@pref.ishikawa.lg.jp Biosci. Biotechnol. Biochem., 75 (9), [1649] [1650] [1651] [1652] [1653] 2011 H, gluconic acid (a 50% aqueous solution); I, lactic acid (a 50% aqueous solution); J, phytic acid; and K, succinic acid are food additive grade products. All the organic acids used in the present study were purchased from Wako Pure Chemical Industries. Corn starch was kindly donated by Nihon Shokuhin Kako Co., 2,2-diphenyl-1-picrylhydrazyl (DPPH, free radical) was purchased from Sigma-Aldrich, and D--tocopherol was from Tama Biochemical Co. L-(þ)-ascorbic acid (GR grade), (À)-epicatechin (from green tea), -amylase (for chemical use, from Bacillus subtilis), and glucoamylase (for biochemical use, from Rhizopus sp.) were purchased from Wako Pure Chemical Industries. Trolox was from Calibiochem and soluble starch (GR for analysis) was purchased from Merck. All other reagents used were of commercially available GR grade. The water used was commercially available distilled water, unless otherwise specified.
Measurement of the antioxidative activity. A 25-mg sample of the test powder was put into a 10-mL vial, and 2.4 mL of a 100 mM acetate buffer (pH 5.0) containing 50% ethanol (acetate-EtOH buffer) was added and thoroughly mixed to form a suspension, before 100 mL of a DPPH solution was added. The suspension was centrifuged at 1500 rpm for 5 min, and the resulting supernatant was poured into a cell and its absorbance measured at 520 nm. The supernatant of a reference sample, which had been obtained from 25 mg of the sample powder thoroughly mixed with 2.5 mL of the acetate-EtOH buffer, was put in a reference cell and the absorbance measured; this absorbance value was subtracted from the experimental value to obtain the net absorbance. The DPPH-colored solutions had a pH value of approximately 6.
A solution of 2 mM DPPH and ethanol was prepared and stored in a freezer, and a standard 1 mM -tocopherol-ethanol solution was also prepared. A 2.3-mL aliquot of the acetate-EtOH buffer, 100 mL of the sample solution, and 100 mL of the DPPH solution were mixed, and the absorbance was measured at 520 nm after 60 min. The antioxidative activity was calculated from a calibration curve that had been prepared by using a set of standard colors obtained by mixing 0, 25, 50, 75, or 100 mL of a 1 mM -tocopherol-ethanol solution with the buffer-DPPH solution to a total volume of 2.5 mL. Each value is expressed as thetocopherol equivalent per gram of material (mmole TocoE/g). The color of DPPH in the standard solution was stable from 10 to 60 min, but that of the starch-containing samples varied. Each cloudy sample solution was centrifuged at 1500 rpm for 5 min, and the resulting supernatant was used for measurements. The same concentration of a sample solution was put in a reference cell whenever the sample solution was colored. Spectra were measured with a V-560 spectrophotometer (Jasco Corporation, Japan) in a D10-UV quartz glass cell with a 10-mm path (GL Sciences, Japan). The pH value was checked with an AS-212 Twin pH meter (Horiba, Japan). The antioxidative activity of the organic acid was measured by comparing with that of each organic acid solution (100 mL at 5% density).
Iodine-starch reaction. A 100-mL aliquot of a 0.1% iodine-1% KI solution was added to 2.5 mL of the sugar solution (1% w/v).
Preparation of the samples for baking. A 100-mg sample of the ingredient was taken in a 20-mL beaker and dissolved in 300 mL of water in a boiling water bath for 5 min. The solubility of itaconic acid was rather poor, and that of fumaric acid and adipic acid was very poor; all the other ingredients were easily dissolved. Each of these solutions or suspensions was thoroughly mixed with 1 g of corn starch, and the mixture was baked at 170 C for 1 h in a DKM400 constant temperature oven (Yamato Scientific Co., Japan). Liquid ingredients were similarly treated, 200 mL of a sample being added to 100 mL of water and mixed with 1 g of corn starch. Each baked sample was ground to a fine powder in a mortar for use in the subsequent experiments.
pH adjustment of the baked samples. A 200-mg baked sample was suspended in 1.4 mL of water, and the pH value was adjusted to 5.0 by adding 0.6 mL of a 0.5 N NaOH solution. A 200-mL aliquot of this suspension was mixed with 800 mL of 0.2 M acetic acid, a 0.2 M acetate buffer, and a 0.2 M sodium acetate solution to adjust the pH to 3.6-6.8.
Starch-degrading enzyme processing. A 100-mg sample of each substrate such as soluble starch or the ANOX sugar was dissolved in 4.98 mL of a 0.1 M acetate buffer (pH 5.0) in a boiling water bath for 10 min. After cooling to room temperature, 10 mL of -amylase and glucoamylase solutions [10 mg/mL of a 0.1 M acetate buffer (pH 5.0)] or 20 mL of water were added and allowed to react for 60 min at 40 C while occasionally shaking.
Results
Each sample was observed after baking and graded as follows: A, slightly yellow powder; B, slightly graywhite powder; C, slightly gray-brown powder; D, graybrown powder; E, slightly gray-white powder; F, slightly gray-brown powder; G, pink powder; H, pink powder; I, slightly gray-brown powder; J, black-brown powder; and K, slightly gray-brown powder. Similarly treated corn starch (ref.) was observed as white powder. The sample solution was diluted appropriately if the color was yellow. An iodine solution added to a 1% sample suspension turned blue, except for 10 samples (yellow). As shown in Fig. 1 , the highest antioxidative activity was obtained with phytic acid (30.1 mmole TocoE/g of sample), and the second highest with L-tartaric acid (8.2 mmole TocoE/g of sample). The color of phytic acid powder was black-brown and that of L-tartaric acid was gray-brown; the phytic acid-treated powder was therefore not considered suitable as a food additive.
A reference experiment used 100 mg of each organic acid in a 10-mL vial which was treated at 170
C in the open air for 60 min. The colors and states were as follows: A, slightly brown syrup; B, slightly yellow syrup; G, yellow syrup; H, brown syrup; J, black syrup; the others were white opaque-transparent syrupy or white powder. The solubility of the treated samples was checked by adding 2 mL of water: A, D, G, H, and J were readily soluble; B, C, and K were fairly soluble at room temperature; E and F were soluble in a boiling water bath; I did not dissolve even in a boiling water bath. Original organic acids A, C, D, F, G, H, and J were readily soluble; B, F, and K were fairly soluble; and E did not dissolve even in a boiling water bath at 5% (w/v). A comparison between the baked and untreated organic showed the water solubility to be increased in B, E, and K, but decreased in I. The pH value of the original organic acid aqueous solution or suspension (5% w/v) was 1.5 for phytic acid and 1.8-2.3 for the other acids, while the pH value of the DPPH-colored solutions was 5.2-5.7. In the case of the baked organic acids, the pH value was 1.5 for phytic acid and 1.7-2.2 for the other acids, while the pH value of the DPPHcolored solutions was 5.3-5.8. The antioxidative activity of each baked organic acid is shown in Fig. 2 . The highest value was obtained with A (17.3 mmole TocoE/g) and the second highest with H. A fairly low or almost no value was obtained for J and D.
No antioxidative activity could be detected in each organic acid solution used in the present study.
Stability of the samples
The appearance (color and absorbency) and antioxidative activity of the ANOX sugar powder was stable for more than 6 months at room temperature in open air in a light place. L-Tartaric acid-ANOX sugar is subsequently referred to as ANOX sugar. The antioxidative activity was easily decreased by adding water, and the water-containing sample was kept in a freezer without further loss of antioxidative activity for more than 1 year. The antioxidative activity of ANOX sugar was maintained by adding pure EtOH; however, the activity was decreased by a 90% EtOH concentration. The addition of water and vigorous shaking decreased the antioxidative activity of ANOX sugar by one fourth within 1 d at room temperature in the open air and light. The antioxidative activity decreased less with boiled water, as shown in Fig. 3 . It was deduced that the concentration of oxygen in cold water was higher than that in boiled water and that this oxygen oxidized ANOX sugar, resulting in its reduced antioxidative activity.
A 1-g sample of ANOX sugar was put into a 15-mL vial, 10 mL of water was added, and the mixture was boiled gently for 3 min with a few small chips of zeolite. A 100-mL aliquot of the liquid was put in a 10-mL lidded vial, kept at room temperature in a light place, and then the antioxidative activity was measured. When only water was added, after vigorously shaking, the liquid was allowed to stand still at room temperature in the light with a lid on, and the antioxidative activity was again measured. The pH value of the suspension was 2.0.
To avoid oxidation by oxygen, when using water or boiled water, the vials were sealed by parafilm after blowing nitrogen gas into the vial, and the sealed vials were allowed to stand still for 24 h at room temperature in a light place. A 100-mL aliquot of the treated 10% (w/v) ANOX sugar suspension was used to measure the antioxidative activity. Blowing nitrogen gas and using boiled water were partially effective in preventing the oxidation of ANOX sugar as shown in Fig. 4 .
Influence of pH on the antioxidative activity of ANOX sugar
The pH value of ANOX sugar was adjusted to 3.6-6.8 by adding a 0.5 N NaOH solution. Figure 5 shows that more than 80% of the antioxidative activity was retained in the pH range of 5 to 6. The symbols are the same as those in Fig. 1 . Each point is presented as the mean AE SEM, n ¼ 3. Each point is presented as the mean AE SEM, n ¼ 3. The pH value (3.6-6.8) did not vary over 1 d. The antioxidative activity of each treated suspension after 1 d at room temperature in the light was measured after adding 1.4 mL of an acetate-EtOH buffer and 100 mL of a DPPH solution. The pH value of the colored mixture was in the range of 4.5 to 6.8.
Stability of ANOX sugar to starch degrading enzymes
The color produced by the iodine-starch reaction was slightly yellow with enzyme-reacted soluble starch, blue with the soluble starch reference, purple with enzymereacted ANOX sugar, and purplish blue with the ANOX sugar reference. No antioxidative activity was detected in corn starch or soluble starch, and none again in 100 mL of the -amylase and glucoamylase solutions. The antioxidative activity of ANOX sugar was not altered by the action of -amylase and glucoamylase; however, the molecular size of ANOX sugar may have been smaller than that of the non-reacted sample. Further information on the ultimate degradation of ANOX sugar by another starch-degrading enzyme is needed to understand the antioxidative activity.
Effect on the antioxidative activity by pH change It was necessary to understand the influence of pH to retain the antioxidative activity of the ingredients. We found that the antioxidative activity of the ANOX sugar suspension was decreased at alkaline pH values. The pH of each solution or suspension was changed to alkaline and then returned to approximately pH 4, before the residual activity was measured and the percentage residual activity calculated.
The pH value of 200 mL of a 10% ANOX sugar suspension was adjusted to 12 by adding 50 mL of 0.5 N NaOH, the suspension being left at room temperature for 5 min and then readjusted to pH 5. The immediate effect of alkaline pH changed the color of (À)-epicatechin from transparent colorless to transparent slightly yellow, and that of ANOX sugar changed from cloudy slightly brown to transparent slightly brown upon adding the alkaline solution. The antioxidative activity of each substance was measured and calculated as the percentage residual activity, with that of the original substance being 100. Figure 6 shows that the antioxidative activity of ANOX sugar was decreased to a level comparable with that of (À)-epicatechin. Tocopherol and melanoidin were considerably resistant to the alkaline pH change; in particular, melanoidin was extremely stable under these experimental conditions. Ascorbic acid was extremely susceptible to the loss of antioxidative activity immediately after the alkaline pH change. It is unclear why the antioxidative activity was lost due to the alkaline pH shift and did not recover when the solution was returned to an acidic pH value. We surmise that the loss of antioxidative activity may have resulted from some degradation or structural alteration of the compounds. It would also be interesting to learn how to recover the antioxidative activity, and the exact pH value at which the activity was lost (the point of alkaline shift deactivation).
Discussion
We have shown in the present study that antioxidative activity was generated by baking starch with a powdered organic acid for 1 h at 170 C. We deduced several reasons for the generation of this antioxidative activity. Firstly, although the organic acids used in this study did not have any antioxidative activity, baking organic acids A, B, G, H, or J generated fairly strong antioxidative activity. This antioxidative activity generated by baking starch with organic acids A, B, G, H, or J might therefore have been partially attributable to the organic acids themselves. Starch baked with phytic acid was dark brown in appearance. Caramel is a brown material generated when sugar is heated to approximately 150 C, 7) and it has been reported that caramel had antioxidative potential and a strong positive correlation with the extent of coloring in its DPPH radical scavenging ability. 8, 9) The formation of caramel in this study was expected by processing starch at high temperature with organic acids. It is inferred from these results and previous reports that a large proportion of the products formed by mixing and baking starch with phytic acid was caramel.
Secondly, the color of ANOX sugar with the second highest antioxidative activity produced by mixing and baking starch with L-tartaric acid was slightly brown, and this antioxidative activity of ANOX sugar was easily reduced by adding water. However, Ichikawa et al. have reported that the antioxidative activity of caramel was not reduced by adding water, 8) so the antioxidative element in ANOX sugar may not have been caramel. Thirdly, the possibility of melanoidin formation was considered, even though the extent of coloring of ANOX sugar was small. Figure 6 shows that the residual antioxidative activity of melanoidin was 90% when the stability of ANOX sugar and melanoidin was compared at pH 12. This result is a similar to that reported by Kirigaya et al. 10) Melanoidin has also been reported to obstruct the enzymatic activity of -amylase and -glucosidases.
11) We could confirm that an unreactive product was formed from ANOX sugar by the action of the enzymes and that this unreactive product was stained blue in the iodine-starch reaction. It has also been reported that the antioxidative activity of melanoidin was maintained even after bleaching. 12) These properties are similar to those of ANOX sugar produced by using L-tartaric acid.
In conclusion, the ANOX sugar produced from L-tartaric acid might be a kind of melanoidin. We propose that the formation of ANOX sugar was attributable to the interaction between starch and the OH and COOH radicals of L-tartaric acid. This study will be continued in future to investigate this proposition.
